Abstract. Because eggs are composed of nutrients that are ultimately derived from the diet of adult females, the relative abundance of naturally-occurring stable isotopes of carbon and nitrogen in eggs should be related to those in their diet and this may form the basis of a method for tracing diets. Before such dietary reconstructions can be established, however, it is necessary to know how isotopic signatures change (or fractionate) from the diet during the synthesis of various egg components. In this study, stable-carbon and nitrogen isotopic fractionation factors between diet and whole yolk, lipid-removed yolk, albumen, and shell membranes of eggs of captively-raised Mallards (Anas platyrhynchos), Japanese Quail (Coturnix iavonica). Prairie Falcons (Falco mexicanus). Peregrine Falcons (Falco peregrinus), and G$falcons' (Falco rusticolis) were established. In addition, carbon isotope fractionation patterns between diet and eggshell carbonate and yolk lipid were determined for quail, Mallards and falcons. On average, yolk, albumen and membranes were enriched in lSN relative to diet for all birds by 3.4%, a value typical of processes associated with protein synthesis. For quail and Mallards, albumen, membranes, and shell carbonate were enriched in 13C relative to diet by 1.5, 3.6, and 14.9%, respectively, and whole yolk was depleted in 13C by 2.67~ due to the presence of yolk lipids. Falcons showed lower carbon diet-tissue fractionation for all tissues (albumen: +0.9, whole yolk: -1.9, membranes: +2.7, carbonate: + 11.2%) and this may be due to a greater reliance on dietary lipids vs. carbohydrates for the synthesis of egg components or on fractionation differences associated with fermentation of carbohydrates. Patterns of isotopic fractionation between diet and Mallard eggs were not influenced by clutch order. A diet-switch experiment using quail indicated that albumen, shell membrane and shell carbonate values reflect diet integrated over 3-5 days and yolk over eight days prior to laying. Because birds were fed ad libitum, these data provide baseline data on fractionation patterns for birds optimally mobilizing nutrients from diet to egg components. These values may differ for those wild birds that rely more heavily on endogenous reserves.
INTRODUCTION

Stable-carbon and nitrogen isotopic analyses of avian tissues can provide valuable information on the diets ofindividuals and populations (Hob-
mulated to have similar whole fat, carbohydrate Eggs from nine laying Japanese Quail were ob-and protein levels as the previous diet but was tained randomly from a colony at the University isotopically more enriched in "C due to the presof Saskatchewan where all birds had been raised ence of corn which has a C-4 photosynthetic for several generations on a homogenized com-pathway. This technique was used previously to mercial grain-based diet. Birds had been raised determine isotopic turnover rates in other quail from hatch to egg laying on a single batch of this tissues (Hobson and Clark 1992a). The experifood together with vitamin and mineral supple-mental quail were chosen from a group of birds ments. Quail were obtained from the same col-that were laying eggs daily. Eggs were collected ony as that used previously to assess patterns of from these birds for two days prior to the diet isotopic fractionation and turnover in various switch (09:OO CDT on Day 0) and then each day quail tissues (Hobson and Clark 1992a. 1992b ). thereafter for 10 days. As controls, on Day 10 Food samples of quail used here were obtained eggs were obtained from three birds randomly selected from the colony that had remained on the wheat-based diet.
ISOTOPE ANALYSIS
Prior to isotope analysis, eggs were stored for up to a week in a refrigerator at +5"C. Eggshell, albumen and yolk samples were separated by hand and subsamples of yolk and albumen taken using a syrine. Eggshells were rinsed thoroughly in distilled water and allowed to dry at room temperature after shell membranes were removed. They were then powdered using a mortar and pestle. Yolk and albumen were similarly powdered after freeze drying. Membranes were dried after washing in distilled water and then cut into fine fragments using stainless steel scissors. Lipids were removed from a subsample of yolks using the method of Bligh and Dyer (1959).
Other than membranes, all food samples were powdered using an analytical mill. For 615N analysis, powdered samples were loaded into Vycor tubes with CuO, wire-form Cu, Ag foil, and powdered CaO, evacuated and flame sealed. These samples were then combusted at 850°C for 6 hr and allowed to cool slowly overnight. The resultant N, gas was then introduced directly into a VG OPTIMA isotope ratio mass spectrometer for lsN/14N analysis. Powdered organic samples for 613C analysis were loaded into Pyrex tubes with wire-form CuO, flame sealed under vacuum, and cornbusted at 550°C for 6 hr. Resultant CO, gas was cryogenically separated and then introduced into a VG 602E isotope ratio mass spectrometer for 13C/LZC analysis. Shell carbonates were reacted with phosphoric acid under vacuum to evolve CO, for direct isotopic analysis using the VG OP-TIMA mass spectrometer.
Stable isotope concentrations were expressed in 6 notation according to the following:
where X is "C or 15N and R is the corresponding ratio ' 3C/12C or lsN/14N. R,,,, for 13C and 15N are the PDB standard and atmospheric nitrogen (AIR), respectively. Using laboratory internal standards for organic material, we estimate measurement error to be +O. l?& and -tO.2ym for carbon and nitrogen, respectively.
RESULTS
ISOTOPIC FRACTIONATION FACTORS
Stable-carbon isotope values of the foods of laying Mallards, quail and falcons were similar and reflected a C-3 plant base (Table 1; (Table 2) .
Relative to diet, 6°C and 615N values of egg albumen and shell membrane were enriched for all species (Table 2) . For lsN, this pattern of enrichment was also maintained for whole and lipid-free yolk and 615N fractionation values for all tissues were similar (mean enrichment: +3.4?@ range: 2.4 -4.4%). Stable-carbon isotope fractionation values were more variable. The negative fractionation factor for 13C in whole yolk was due largely to the presence of lipids that were substantially depleted in 13C relative to diet (Table 2; mean depletion: -2.6%). Little fractionation of 13C occurred between diet and the protein component of the yolk. Highest 13C diettissue fractionation values were found for shell carbonate followed by shell membranes. With the exception of shell carbonate, Mallards and quail did not differ in isotopic fractionation factors for both carbon and nitrogen. However, compared to Mallards and quail, falcons typi- tally showed less enrichment in "C relative to diet for all tissues (Table 2) . For all egg components, Mallards showed no significant difference in isotopic fractionation values between first and second clutches ( Figure 3 .
In the herbivore model (Fig. 3a) , only bulk diet has been depicted since the precise roles of various macronutrients are poorly understood. However, carbohydrates make up the bulk of the diet and will contribute to the formation of shell carbonate and possibly to yolk lipid and the proteinaceous components of eggs. Undoubtedly, dietary lipids and proteins will also contribute to egg lipid and protein components, respectively. In carnivores (Fig. 3b) , the hypothetical model emphasizes the potential contribution of both carbon derived from dietary lipids as well as proteins to the formation of egg components, especially yolk lipids and shell carbonate. Lipids in quail muscle are depleted by 3.2o/oo relative to lipid-free muscle (Hobson, unpub. data), a value almost identical to the mean depletion of yolk lipid relative to lipid-free quail muscle. This suggests that yolk lipids are derived without fractionation either from the diet or from lipid stores. Although somewhat speculative, the models presented here could be tested and refined by switching laying birds between diets of known lipid, protein, and carbohydrate isotopic composition (Ambrose and Norr 1993, Tieszen and Fagre 1993).
Schaffner and Swart (199 1) provided an alternate explanation for the fractionation differences observed between high protein vs. carbohydrate feeders. These authors noted that digestive gasification or fermentation associated with the digestion of carbohydrates might contribute to the more positive carbon fractionation values associated with herbivore vs. carnivore eggshell formation. Digestive gasification might result in the export of lighter (i.e., "C depleted) carbon and the overall enrichment of the carbon reservoir available within the bird for carbonate precipitation. It is, of course, possible that carbohydrate gasification in herbivores and the greater reliance of carnivores on dietary lipids for energy metabolism both contribute to carbon isotope fractionation differences between diet and egg These results also suggest a period of RFG to be about eight days (i.e., the time for egg yolks to reach a new isotopic equilibrium following the diet switch), a value consistent with that estimated for chickens (Gilbert 197 1) and mediumsized ducks (see review by Bluhm 1992). Albumen proteins are synthesized in the magnum from amino acids removed directly from the blood (Taylor 1970) . Albumen is also deposited rapidly around the yolky ovum at this stage (about 2.5 hr) as are eggshell membranes and these factors account for the rapid response of both albumen and membranes to the new isotopic diet. The isotopic response of shell carbonate following the diet switch was also rapid. Unlike calcium that may be mobilized from medullary bone during the process of shell formation, carbon for the calcium carbonate fraction of shell is derived directly from plasma through the metabolism of recently assimilated food (Simkiss and Tyler 1958). Carbonates in food do not contribute to carbonates in eggshell since they react with digestive acids to produce carbon dioxide gas which is lost (Simkiss 196 and it would be useful to conduct similar studies on this component. Here, eggshell protein is analogous to bone collagen and refers to the proteinaceous matrix within the eggshell and not the shell membranes. As with shell carbonates and membranes, an advantage to using this material is that it is often readily available from nest sites as shell fragments and does not involve destructive sampling.
Fractionation values derived in this study were based on birds that had ad libitum access to food and they may not be applicable in those situations where birds mobilize significant amounts of stored nutrient reserves. Nutrient storage prior to reproduction is particularly well known in waterfowl (reviewed by Alisauskas and Ankney 1992) and it is possible that isotopic fractionation would be different if lipids and proteins are mobilized from somatic reserves vs. those produced directly from the conversion of dietary carbohydrate or protein. On the other hand, the process of mobilization of stored lipids may involve very little fractionation if lipids are mobilized whole without further biochemical breakdown. Nonetheless, isotopic studies using egg yolks should remove lipids and analyze them separately.
Systematic declines in somatic protein in response to protein demands during egg production have also been demonstrated in wild waterfowl (reviewed by Alisauskas and Ankney 1992). In these cases, it is possible that the amino acid pool may become enriched in iSN due to processes of catabolism or nutrient mobilization (Hobson et al. 1993 ). This in turn may result in further i5N enrichment of the protein components of eggs relative to diet. Should somatic reserves make up a significant portion of the protein used for egg formation, then an increase in the 6i5N value of egg proteins would be expected. Moreover, the magnitude of the enrichment effect would be expected to change with egg order within and between clutches, with those eggs requiring a greater proportion of somatic reserves showing higher 6i5N enrichment. While I was unable to demonstrate any changes in 6i5N enrichment between first and second clutches in captive Mallards, researchers using eggs for isotopic investigations should be aware of the potential for such influences on patterns of isotopic fractionation in eggs.
